ABSTRACT The ephrin receptor (Eph) tyrosine kinases and their ephrin ligands are involved in morphogenesis during organ formation. We studied their role in feather morphogenesis, focusing on ephrin-B1 and its receptor EphB3. Early in feather development, ephrin-B1 mRNA and protein were found to be expressed in the dermal condensation, but not in the inter-bud mesenchyme. Later, in feather buds, expression was found in both the epithelium and mesenchyme. In the feather follicle, ephrin-B1 protein expression was found to be enriched in the feather filament epithelium and in the marginal plate which sets the boundary between the barb ridges. EphB3 mRNA was also expressed in epithelia. In the feather bud, its expression was restricted to the posterior bud. In the follicle, its expression formed a circle at the bud base which may set the boundary between bud and inter-bud domains. Perturbation with ephrin-B1/Fc altered feather primordia segregation and feather bud elongation. Analyses revealed that ephrin-B1/Fc caused three types of changes: blurred placode boundaries with loose dermal condensations, incomplete follicle invagination with less compact dermal papillae, and aberrant barb ridge patterning in feather filament morphogenesis. Thus, while ephrin-B1 suppression does not inhibit the initial emergence of a new epithelial domain, Eph/ephrin-B1 interaction is required for its proper completion. Consequently, we propose that interaction between ephrin-B1 and its receptor is involved in boundary stabilization during feather morphogenesis.
Introduction
During feather morphogenesis, a succession of new domains is generated through interactions between epithelial and mesenchymal cells or among epithelial cells, leading to the building of complex feather forms. Many signaling molecules are involved during feather bud initiation but there is a paucity of evidence pertaining to the regulation of boundary formation for an organ of -catenin positive competent epithelium and homogeneously distributed NCAM positive mesenchyme (Jiang et al., 1999; Noramly et al., 1999; Widelitz et al., 2000) . Reaction-diffusion, involving FGF and BMP as respective activators and inhibitors, leads to the periodic arrangement of feather primordia consisting of dermal condensations and epithelial placodes (Widelitz et al., 1996; Jung et al., 1998; Jiang et al., 1999) . This process leads to the segregation of the epidermal stem/progenitor cells into the placode and inter-placode epidermal domains, each favored by FGF (Mandler and Neubuser, 2004; Lin et al., 2009) and EGF (Atit et al., 2003) signaling. Committed epithelial cells stop proliferating and become columnar in shape ( Fig. 2 A,H,E) (Wessells, 1965) . Careful analyses showed that the process of periodic patterning involves competitive equilibrium: cells initially can migrate reversibly in and out of the feather primordia domains (Serras et al., 1993; Jiang et al., 1999) . The formation of a boundary between the bud and interbud regions does not occur in a single event. Rather, gradual inter-mixing reduces as feather morphogenesis proceeds and the primordia become established. Indeed we have noticed that at very early stages of skin development (E6.5) forming feather primordia have a diameter of 250 um but quickly become consolidated to a diameter of 200 um. Using chicken skin explant cultures, Notch interactions with 1-integrin were found to play a role in dermal condensation stabilization (Michon et al., 2007) which may account for this consolidation. Furthermore, in motor neurons inhibition of determination and activates the Notch pathway at a distant site to specify anterior neuronal determination et al., 2011) . In the homeostasis of intestinal villi stem cells, Notch induced the expression of ephrinB1 but suppressed EphB2 to establish a et al., 2009 ). Thus there is crosstalk among FGF/Notch/ephrin signaling networks. The molecules involved in stabilizing feather boundaries remain unknown.
Following the stabilization of feather primordia, a new epidermal domain is generated between the bud and interbud domain. This new domain invaginates into the dermis, leading to the formation of a feather follicle, a critical property of skin appendages (Chuong and Homberger, 2003; Maderson, 2004; Jiang et al., 2011) . Subseto generate periodically arranged barb ridges (Prum, 1999; Harris et al., 2002; Yu et al., 2002; Chuong, 2003) . They form alternatively arranged growth and apoptotic epidermal domains, leading to the formation of feather branches with intervening space (Chang et al., 2004b) . Thus, the epidermis is transformed from a two-dimensional sheet into a complex three-dimensional structure. During this process, new domains emerge, become established, and take on different differentiation fates (Chang et al., 2004a; Alibardi and Toni, 2008; Alibardi, 2010a; Alibardi, 2010b) . Failure to segregate these domains leads to inter-mixing of cell types and improper morphogenesis. While we have learned that molecules such as FGFs, BMPs and Wnts (Noramly and Morgan, 1998; Noramly et al., 1999; Widelitz et al., 2000; Harris et al., 2004; Jiang et al., 2004) are involved in the initiation of feather buds, and Shh is involved in subsequent feather growth (Ting-Berreth and Chuong, 1996a; Yu et al., 2002) , we have not learned much about the molecules involved in the segregation of tissue primordia from one another during feather morphogenesis, so-called boundary establishment.
In recent years, the Eph receptor tyrosine kinases and their ephrin ligands have garnered increasing attention due to their dynamic properties. Ephrin ligands and their receptors, Ephs, are cell membrane molecules now widely known to be involved in cell-cell interactions through cell adhesion and repulsion (Patan, 2004) . Eph carcinoma cell line (Hirai et al., 1987) and belongs to the receptor tyrosine kinase family (Pasquale, 2005) . The Eph receptors elicit forward signals and ephrins provide reverse signals (Davy et al., 2004) . There are 16 known receptors with 14 found in mammals (Pitulescu and Adams, 2010) . As a rule EphA receptors bind to ephrin-A ligands, which are anchored to the membrane through glycosylphosphatidylinositol (GPI) linkage. EphB receptors bind to the transmembrane ephrin-B ligands, (Pasquale, 2005) . However, EphA4 receptors also can bind to ephrin-Bs and EphB2 receptors can also bind to ephrin-A5 (Pasquale, 2010) . The formation of Eph tetramers is necessary to elicit biological activity (Vearing et al., 2005) . Signaling complexity is derived from the composition and signal capabilities of homo-and heterotypic ephrin-Eph clusters (Janes et al., 2012) .
The Eph/ephrin interaction was found to play a critical role in the stabilization of organ boundaries by inhibiting cell inter-mixing and communication Xu et al., 1999; Dahmann et al., 2011; Batlle and Wilkinson, 2012) . It notably functions at separation and convergence during gastrulation (Park et al., 2011 ), skeletal patterning (Compagni et al., 2003 and developmental patterning (Coulthard et al., 2002) . Ephrin-B is involved in repulsion while ephrin-A participates in adhesion (Poliakov et al., 2004) . Tissue stabilization, in particular, requires ephrin and its cognate in many organ systems. For example, during calvaria formation, the stabilization of the coronal suture requires ephrinEph signaling involving ephrin-A2, ephrin-A4 and EphA4 (Ting et al is marked by ephrin-B1 (Davy et al., 2004) . Ephrin-B2, ephrin-A-L1 and EphA4 are expressed during somite boundary formation (Durbin et al., 1998) . Ephrins provide positional cues. It is clear that some mutations in Eph/ephrin can cause the mixing of different cell types at different stages rather than forming clean boundaries during cranium formation (Cooke and Moens, 2002) . For example, mutations of ephrin-B1 (EFNB1) can cause craniofrontonasal syndrome in humans (Twigg et al., 2004; Passos-Bueno et al., 2008) . Mutations in ephrin-A2, ephrin-A4 and EphA4 can cause faulty suture formation and lead to craniosynostosis (Merrill et al., 2006) .
In neonatal mouse skin, either mutation of ephrin-B2 or the use of ephrin-A2/Fc or ephrin-B2/Fc which antagonize ephrin-A and ephrin-B signaling, respectively led to increased keratinocyte proliferation (Egawa et al., 2009) , (Genander and Frisen, 2010) . In contrast injection of neonatal mouse skin with exogenous ephrin-A3 caused a more rapid induction of anagen in hair follicles which led to increased hair follicle density (Yamada et al., 2008) . Ephrin-B1 has been found in the hair matrix and also co-localized with stem cells in the hair follicle bulge (Tumbar et al., 2004) . However, the function of ephrin/Eph signaling has not been studied during feather morphogenesis, a classical developmental model system. Here we explore the expression of ephrin-B1 and EphB3 in developing embryonic chicken skin and test the function of ephrin-B1 in feather bud -interbud boundary stabilization.
Results

Expression of Eph receptors and their ephrin ligands during feather morphogenesis
We examined the expression of mRNAs of several ephrin members during feather morphogenesis, such as ephrin-B1, ephrin-B2, EphB2, EphB3, EphA2, and EphA6. Among them, ephrin-B1 and one of its receptors, EphB3 had strong expression patterns. Ephrin A2 staining was weak. Ephrin-A4 staining was widely distributed. EphA1 was strong throughout the epithelium and also widely dispersed in the mesenchyme beneath feather buds. EphA4 and EphB2 were expressed at the epithelial-mesenchymal interface and were weakly expressed throughout the mesenchyme. EphA2 and A6 staining were much weaker with a generalized expression pattern (data for ephrin-A2, -A4, EphA1, A2, A6, B2 are not shown). For this article, we focused on ephrin-B1 and EphB3 by examining their expression during skin development using whole mount and section in situ hybridization. We also looked at ephrin-B1 expression by immunostaining (antibodies which cross reacted with chicken EphB3 were not available).
At stage 27 (embryonic day 6, E6), ephrin-B1 and EphB3 were completely absent from the skin. At stage 32 (E7.5), ephrin-B1 and EphB3 started to appear as small dots in the center of emerging feather primordia. At stage 34-35 (E8), staining for ephrin-B1 EphB3 of EphB3 was restricted to the posterior part of the feather (Fig.  1A ). Feather bud development shows a medio-lateral gradient with the most advanced feather buds toward the midline of the dorsal tract and less mature feathers toward the lateral edges. In the spinal tract at stage 36 (E9), feather buds at different developmental stages are visible. Since buds initiate from the midline and then are subsequently laid out bilaterally, buds nearest the midline are oldest and those nearest the lateral edge are less mature. By stage 36 (E9) the ephrin-B1 expression pattern expanded from the center to cover the entire primordia. The expression became accentuated at the border of the placode appearing as a ring. At stage 38 (E10), feather buds elongated and the ephrin-B1 expression domain expanded but remained strong at the base where invagination will occur (Fig. 1B) .
Section in situ showed that the ephrin-B1 transcript was positive in the bud domain, but absent in the interbud domains. It was present in both epithelium and mesenchyme with a stronger message in the mesenchyme at the placode stage. By the short bud stage, expression levels within the epithelium and mesenchyme became more equal. The expression receded to the distal mesenchyme and eventually disappears, leaving strong expression in the epidermis at the junction between the bud and interbud domain at the longer bud stage ( Fig. 2A) . 
Fig. 1. Expression of ephrin-B1 and EphB3 in feather morphogenesis. (A) The expression patterns of ephrin-B1 and
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The expression of ephrin-B1 protein was also detected by immunostaining. The protein expression patterns were similar to that of the transcript. In the short bud stage, ephrin-B1 protein apeprhin-B1 could be seen in the barb ridge epidermis (Fig. 2B) . At the tip of the feather, the expression remained high only in the barb ridge epidermis (Fig. 2B, inset) . In the growth phase adult feather follicle ephrin-B1 transcripts were in the epithelium at the base of the follicle and in the barb ridges (Fig. 2C , green, blue and red boxes). Cross sections at the base of the follicle showed that in the rachis (yellow box), ephrin was absent from the basal layer. It was present in the differentiated central pith region of the rachis but absent from the more differentiated cortical layer of the rachis. In the barb ridges (purple box), ephrin-B1 was in the barb plate and the basal epithelial layer (Fig 2C) .
The expression of EphB3 was observed with in situ hybridizaexpanded to appear in a half-moon pattern (Fig. 1A) . Section in situ revealed that the expression of ephrin-B1 was limited to the placode epithelium. Later, it became located in the junctional epidermis between the bud and interbud domains ( Fig. 2A) . In adult feather follicles, EphB3 was present in the epithelium and largely overlapped with ephrin-B1. However, in the rachis, EphB3 was absent from the basal layer but present in all differentiated regions. In the barb ridge, EphB3 was absent from the basal epithelium
We also examined other ephrins. Immunostaining showed ephrin-A2 was weakly expressed in the feather epidermis in both bud and interbud (data not shown). Ephrin-A4 was present in both epithelium and mesenchyme and showed nuclear co-localization (data not shown). Antibodies which bind to chicken EphB3 were not available.
Effects of ephrin-B1/Fc on placode boundary and mesenchymal condensation formation
During induction of feather primordia, cellular rearrangements take place due to migration and positioning which convert distributed state to periodically arranged feather primordia. Each primordium consists of placode epithelium and the underlying dermal condensation. To investigate the possible role of ephrin-B1 in cell arrangements during boundary formation, we added recombinant ephrin-B1 fused to the Fc portion of human IgG to the feather reconstitution assay (Jiang et al., 1999) . Ephrin-B1/Fc is soluble and can bind to the Eph receptors promoting only forward signal activation. Hence they block reverse signaling and compete with endogenous ephrins from activating complete bidirectional signaling (Santiago and Erickson, 2002) . Feather primordia formation was dramatically affected. Although feather primordia eventually formed, they were wider and less elongated than controls at day 4 in culture staining and viewed by confocal microscopy from below. A ring-like expression pattern was observed around each feather base in control samples. In the ephrin-B1/Fc treated specimens, however, the ring was partially incomplete and/or irregular compared to that day 2 in culture, feather buds in the control group formed much better with more discrete matured into smaller inner boundaries at later stages in controls (Fig. 3D) (Fig. 3H) . The density of mesenchymal cells in treated skin was lower than that observed the unusual multi-layer organization of the epithelial cells (see the propidium iodide and LCAM staining, Fig. 3G ).
We characterized the molecular expression of these deranged feather buds further (Fig. 3H) . Since changes in proliferation were seen in mouse skin with suppressed ephrin activity, we examined proliferation by staining for proliferating cell nuclear antigen (PCNA).
Fig. 3. Effect of ephrin-B1/Fc on dermal condensation formation and follicle invagination. (A,A') Whole-mount view of reconstituted feather growth after 96 hours in the presence (A') or absence (A) of ephrin-B1/ Fc. Control feathers elongated with a uniform size and orientation while treated specimens were wider and not consistently oriented. (B,B') The ventral view of LCAM (E-cadherin) staining showd a circular staining at the periphery of the base of the feather bud shape. The control circles were more uniform and smaller than the treated skin. The staining was more diffuse in the ephrin-B1/Fc treated samples. (C,C') Feather bud boundaries observed after 48 hours. Control feather buds had nice definitive boundaries (arrow). However, feather buds in ephrin-B1/Fc treated skin formed more slowly and the boundary had not yet formed. (D,D') Enlargements of the areas indicated in the white boxes in B, B', respectively. 96 hrs of incubation. (E,E') NCAM staining of dermal condensations. Control feather buds showed well defined dermal condensations (E). Treated cultures showed more diffuse dermal condensations with the zone of NCAM staining extending beyond the bud boundary into the adjacent interbud region (F). 96 hrs of incubation. (F,F') Enlargements of condensations shown in E, E'. (G) Sections of feather buds 9 days after reconstitution stained for LCAM for control and ephrin-B1/Fc treated samples. Treated samples were much broader than controls. Arrows indicate the size of the feather base. LCAM staining was excluded from the basal epithelium of controls but was present in the more differentiated suprabasal layers. In contrast, LCAM staining was excluded from basal as well as suprabasal layers in the treated samples. Size bar, 100 μm. (H) H&E staining of feather buds 9 days after reconstitution. The invagination process was inhibited in ephrin-B1/Fc treated skin. Proliferation was increased in the epithelium of feathers treated with ephrin-B1/Fc as determined by PCNA staining. Tenascin C (TN-C) was present in the epithelium at sites of invagination in both control and treated skin (arrows); however, the control skin showed a larger region of TN-C expression and deeper invagination. Neural cell adhesion molecules (NCAM) were present at the base of the feather follicle, but the segregation between bud and interbud was not clear in the ephrin-B1/fc treated skin. Feather keratin (F-Keratin) was expressed similarly in control and ephrin-B1/fc treated feathers. Size bar, 100 μm.
We further examined the behavior of mesenchyme cells and found mesenchymal cells form tight clusters of dermal condensations beFc treated specimens, mesenchymal condensations were loosely
Effect of ephrin-B1/Fc on follicle formation
Tissue sectioning showed that the ephrin-B1/Fc treated feather buds are abnormal. The loosely organized mesenchyme cells led to a broader "foundation" of the feather base with low-density that Proliferation in control buds is predominantly in the posterior bud epithelium at earlier stages of development and then shifts to the distal bud regions (Chodankar et al., 2003) . Proliferation remains strong in the epithelium of ephrin-B1/fc treated chicken skin compared to controls. Tenascin-C (Tn-C) is known to be expressed in the mesenchyme beneath the invaginating epidermis when feather buds grow into feather follicles (Jiang and Chuong, 1992) . Tn-C is expressed to much lower levels in ephrin-B1/Fc treated samples. Expression of NCAM spread across the bud-interbud boundary into the neighboring interbud regions in ephrin-B1/Fc treated specimens. While follicle formation is delayed, feather bud epithelia were able to differentiate, expressing feather keratin (F-Keratin).
Invagination of the epithelial sheet involves cell rearrangements. Specimens were stained with propidium iodide and LCAM to help visualize cell arrangements and cell shape changes (Fig. 4) . The shape of feather buds was dramatically altered in skin treated with ephrin-B1/Fc. Treated buds failed to elongate and did not Fc treated samples, aspect ratios failed to increase
Effect of ephrin-B1/Fc on barb ridge formation
rearrange forming periodical barb ridges, and then keratinocytes within each barb ridge rearrange to form two rows of barbule plates (Fig. 5A) . Ephrin-B and EphB3 were present in the rachis and barb ridges of wondered whether eph/ephrin signaling might play a role during adult feather development. To address this, ephrin-B1/Fc coated beads were implanted into growing feather follicles. We observed changes in barb ridge formation (Fig. 5B) . The process of barb ridge formation involved several steps of epithelial cell arrangement (Lucas and Stettenheim, 1972; Chang et al., 2004b) . In the sections of feather follicles of ephrin-B1/Fc treated skins, the barb ridges were unevenly formed. Furthermore, barbule plate keratinocytes lost their organization to form a swirl of "keratinocyte pearls" (Fig. 5B) . This is consistent with the presence of ephrin-B1 in the barb plate (Fig. 2C) .
Discussion
Members of the Eph/ephrin signaling pathway have been documented in human (EphA1, A2, A4-A7, EphB1, B3-B6, ephrin-A1, A3-A5, ephrin-B1-B3; (Hafner et al., 2004) and mouse (EphA1, 3, 4, 6 and 7; EphB3, 4, 6; ephrin A1-A5, ephrin-B1, -B2) (Genander and Frisen, 2010) skin. Ephrin-A2/Fc and ephrin-B1/ Fc blocked eph/ephrin interactions in mouse skin increased proliferation in the hair follicle and basal epithelium of the skin (Genander and Frisen, 2010) . The EphA1 receptor is down regulated in human skin cancer (Hafner et al., 2004) . A deletion of EphA2 led to the enhanced chemical transformation of mouse keratinocytes (Guo et al., 2006) suggesting Eph/ bud (B,B' ), invagination site (C,C') and interbud region (D,D') . Control feathers formed a more complete feather boundary at 6 days after reconstitution, than the treated samples. 
Control cells elongated into the base of the feather producing a higher aspect ratio (length/ width) than that seen in the cells from the treated specimens (C,C'). (E) Chart of epithelial cell aspect ratio showed a dramatic difference between the interbud areas in control vs
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were analyzed. In the bud regions, cell shape varied from rounded invagination, a zone of epidermal cells were elongated with the long cellular axis parallel to the proximal-distal axis of the feather buds whereas the cells of ephrin-B1/Fc treated skin were oriented Fc treated specimens remained polygonal in shape in this region while others were oriented toward the invagination groove which cells in control and ephrin-B1/Fc treated specimens had a polygonal shape though the size of the ephrin-B1/Fc treated cells was reduced.
ratio (the ratio of cell length and width. A nearly round cell will have larger than 1). As long feather buds grew, aspect ratios within formation of follicles and elongation of feather buds. The aspect ratio of the interbud region remained the same. In the eprhin-B1/ invagination, 3) disrupted elongation and 4) uneven segregation during barb ridge formation (Fig. 6) . Therefore, our results show that the Eph/ephrin signaling pathway is involved in proper feather development, especially in the stabilization of feather boundaries.
Although feathers that formed after ephrin-B1/Fc treatment were abnormal, the feathers initiated normally and induced a normal epithelial placode, suggesting that the action of the Eph/ ephrin pathway took place during later stages of morphogenesis. We previously provided evidence that the Turing reaction-diffusion model followed by chemotaxis was involved in aspects of early feather bud development (Jiang et al., 2004; Lin et al., 2009 ). In this model there are two classes of molecules: activators and inhibitors. Activators promote feather formation while inhibitors block their formation. However, in our current study, we found that after ephrin signaling may normally suppress proliferation in the skin. However, Eph/ephrin signaling sometimes has the opposite effect. For example in melanoma cells EphA2 activation increases proliferation (Easty and Bennett, 2000; Hess et al., 2007) .
Here, we examined the expression of ephrin-B1and EphB3 in chicken skin. These molecules follow a de novo mode of expression and appeared within feather primordia after they began to form. We used ephrin-B1/Fc which was previously shown to block ephrin-B1 signaling in quail (Santiago and Erickson, 2002) , to examine its function in feather morphogenesis. We found that proliferation was increased in the treated feather follicles compared to controls. This is similar 
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Although ephrin signaling induced proliferation, the formation of dermal condensations in chicken skin does not rely on proliferation (Wessells, 1965) but solely on cell migration (Olivera-Martinez et al., 2001; Michon et al., 2007; Lin et al., 2009) . Our data show that the chicken feather follicles grew wider rather than elongating after suppression of ephrin signaling. This suggests that the buds failed to form a localized growth zone which also occurs when the Wnt/ -catenin pathway is ectopically expressed in developing feather buds (Chodankar et al., 2003) . The dermis remained the interbud region during cell migration to form dermal condensaessential for proper feather morphogenesis, especially in boundary stabilization. When ephrin-B1/Fc was added to the reconstituted feather-formation culture model, early feather patterning proceeded normally through the short bud stage. Molecular and morphological asymmetries began to form similarly to those seen in control feather primordia during early phases of the long bud stage, but shortly afterward, progression of feather morphogenesis became partially halted and deranged. In normal feather bud development a ring of LCAM expression appeared at the site of inner bud boundary formation. This expression became diffuse after ephrin-B1/Fc treatment. Ephrin-B1/Fc treated skin remained abnormal at molecular, cellular and morphological levels throughout subsequent developmental stages. We observed 1) dramatically altered dermal condensations, 2) incomplete bud initiation the bud-interbud boundaries must be stabilized in order for normal feather morphogenesis to occur. When ephrin-B1 mediated stabilization was blocked, feathers grew wider and did not elongate properly. They also did not form normal barb ridges that are required for branching morphogenesis that is the hallmark of their function.
Interactions between signal transduction, cell migration and adhesion have been implicated in epithelial bud formation during skin organogenesis (Jamora et al., 2003) . Establishing a foundation at the base of the feather may be a key step in regulating the feather size and enabling the feather to elongate properly. Here we propose that a signaling network, the Eph/ephrin pathway is essential to consolidate normal feather bud formation. In particular, inhibition of ephrin-B1 caused the dermal cells to remain diffuse which led to the formation of incomplete dermal condensations. Later in development the buds had a wider base and were unable to invaginate properly into the underlying dermis. We interpret this as evidence that an incomplete boundary was established between cells within the feather buds and those in the interbud zone when Eph/ephrin signaling is suppressed. Later in development, barb ridges in ephrin-B1/Fc treated skin explants failed to establish their normal order. Rather the barb ridges varied in size and their cells lacked the precise organization seen in normal feather buds. Due to the promiscuity of binding between Eph receptors and their responsible for these observations; however the data do suggest that ephrin-B1 is essential for epithelial rearrangements necessary for dermal condensation, follicle invagination and later barb ridge formation. Together, these data suggest that bidirectional signaling involving ephrin-B1 is required for the proper progression of later stage feather development; possibly to stabilize dermal condensations and feather bud boundaries.
Materials and Methods
Immunohistochemistry and in situ hybridization
Chicken embryos were staged according to H&H staging (Hamburger and Hamilton, 1951) . The whole mount in situ protocol was performed as described (Jiang et al stained for H&E, subjected to in situ hybridization or immunohistochemistry (Chang et al., 2004b) . Blocking solution contained 10% FBS/ 0.5% BSA in PBS. Antibody dilution solution contained 2 % FBS/ 0.1% BSA. Some section in situ hybridization was performed using the automated Discovery TM system (Ventana Medical System) with recommended protocols. The antibodies used were anti-ephrin-B1 (gift from Dr. Pasquale, Burnham Institute), or anti-ephrin-B1 anti-ephrin-A2 and anti-ephrin-A4 (R&D, Minneapolis), anti-Tenascin-C (M1B4) (Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA 52242), PCNA (Chemicon, Temecula, CA). Finally, Alk-P secondary antibodies were added, and substrates of Alk-P were used to visualize the molecular localization. In some cases, we used Streptavidin-Cy3 to visualize the signal.
o C for 16-18h. The skins were washed with PBT (Phosphate buffer saline and then blocked with blocking solution (10%FBS and 0.5%BSA). Antibodies were diluted in 2%FBS and 0.1%BSA and added at 4 o C for 16-18h. After -alize molecular localization. We then examine the results using confocal microscopy (Nikon), located in the microscopy core at the USC Center for Liver Diseases (NIH 1 P03 DK48522). Each time point was collected from at least 3 specimens.
Perturbation with ephrin-B1/Fc in feather reconstitution assay
Feather reconstitution assays were prepared according to Jiang et al., 1999 . For perturbation, 1 to 200 mesenchymal cells were labeled with DiI before incubation with 10-20 ug/ml of ephrin-B1/Fc or 0.1% BSA as a control for an hour. Following reconstitution with an epithelial sheet, the feather explants were cultured with ephrin-B1/Fc (10-20 ug/ml) containing culture medium. Explants were harvested at designated time points and 3-5 specimens at each time point were collected.
Density of mesenchymal cells
Mesenchymal cell density was determined by staining tissues with propidium iodide and then counting the number of red nuclei within a constant sized window.
